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Abstract

Microbiome alterations have been shown to affect stroke outcome. However, to what extent the presence of a gut
microbiome per se is affecting post-stroke neuroinflammation has not been tested. By comparing germfree mice with
recolonized (Ex-GF) and conventional SPF mice, we were able to demonstrate that bacterial colonization reduces stroke
volumes. Bacterial colonization increased cerebral expression of cytokines as well as microglia/macrophage cell counts in
contrast to improved stroke outcome. Interestingly, the microbiome-mediated brain protection was absent in lympho-
cyte-deficient mice. These findings support the concept of lymphocyte-driven protective neuroinflammation after stroke

under control of the microbiome.
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Introduction

Stroke triggers a neuroinflammatory reaction which
encompasses activation of brain resident microglia
and invasion of leukocytes.' T cells are potent contribu-
tors to post-stroke neuroinflammation. While pro-
inflammatory Theper cell subpopulations (e.g. Thl,
Th17) promote neuroinflammation, other populations
with anti-inflammatory properties (e.g. T,cg cells) can
be cerebroprotective. Current findings have highlighted
the role of commensal gut microbiota in the regulation
of T cell responses to brain ischemia.® Recently, we
have shown that stroke changes the bacterial compos-
ition in the gut, which was causally linked to a pro-
inflammatory T cell polarization and worse stroke
outcome.” Similarly, a study by Benakis et al.> demon-
strated the impact of antibiotic treatment-induced dys-
biosis on stroke outcome. Although these first studies
demonstrated a previously unrecognized key role of
changes in microbiota composition to affect stroke out-
come, we are still lacking the proof-of-concept that bac-
terial colonization per se affects stroke outcome and
post-stroke neuroinflammation. In order to fill this

gap, we investigated stroke outcome and neuroinflam-
mation in GF animals and colonized littermates (Ex-
GF) and specifically analyzed the role of T cells as
potential mediators along the gut-brain axis in stroke.

Material and methods

Detailed material and methods can be found in the
online Supplementary material. All original raw data
of this study as well as detailed protocols are available
from the corresponding author upon reasonable
request.

All animal experiments were performed under the
institutional guidelines for the use of animals for
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research and were approved by the governmental ethics
committee of Upper Bavaria (Regierungspraesidium
Oberbayern). GF mice were housed in sterile HAN-
gnotocages and received sterile food pellets and water.
All surgical procedures including stroke induction,
mouse handling and cage changes were performed
under sterile conditions in a sterile microbiological lam-
inar flow (Supplementary Figure 1(a)). Germfree status
of GF mice was confirmed after surgery and survival
period by 16s PCR of fecal samples. Littermates of GF
mice were colonized through co-housing with conven-
tional specific pathogen-free (SPF) C57BL/6J mice for
three weeks and co-housing was maintained also after
stroke surgery. Animals were randomized to the treat-
ment groups and all analyses were performed by inves-
tigators blinded to group allocation. Unblinding was
done after the completion of statistical analysis. All
animal experiments were performed and reported
according to the ARRIVE guidelines.'

Results

Bacterial colonization is cerebroprotective
dfter stroke

Stroke was induced in GF, Ex-GF and SPF mice in
order to test the impact of bacterial colonization on
stroke outcome (Figure 1(a)). All surgical procedures
were performed in a sterile microbiological safety cab-
inet (Supplementary Figure 1(a)). Reduced caecum-
body weight index increased total fecal DNA and
eubacteria amount verified bacterial colonization in
Ex-GF mice as well as maintaining the germfree
status after surgery in GF mice (Supplementary
Figure 1(b) to (d)). Sequencing of bacterial 16s rRNA
showed comparable alpha diversity and abundance of
bacterial phyla between Ex-GF and SPF mice as a key
markers of successful colonization in the Ex-GF group
(Supplementary Figurel(e) and (f)). Quantification of
infarct volume five days after stroke induction revealed
an improved stroke outcome in Ex-GF and SPF mice
compared to GF littermates (Figure 1(b)). This sub-
stantial effect of colonization on lesion volume has
been consistently observed in three independent experi-
ments performed by three different surgeons. After con-
firmation of comparable outcome and colonization in
SPF and Ex-GF animals, we used Ex-GF generated by
randomized colonization of GF littermates as the
favourable “colonized” control group.

Gut microbiota increase the neuroinflammatory
response dfter stroke

In order to test the impact of bacterial colonization on
the local neuroinflammatory milieu, we investigated cell

counts and morphology of microglia/macrophages as
well as key transcriptional markers of innate immune
responses after stroke. In contrast to reduced lesion
volumes, we found an increased number of microglia/
macrophages in the ischemic hemisphere of Ex-GF
mice compared to the GF group (Figure 1(c) and
(d)). Automated analysis of microglial morphology*
revealed massive activation of microglia in the peri-
infarct area characterized by enhanced sphericity
index and reduced ramifications compared to the
contralateral side (Figure 1(e)). While bacterial recol-
onization did not further affect already activated
peri-lesional microglia/macrophages, a significant
effect was observed on cell sphericity and ramifications
in the contralateral hemispheres in Ex-GF mice
(Figure 1(e)). Accordingly, we also observed a signifi-
cant increase in the transcriptional regulation of
pro-inflammatory cytokine expression associated
with microglial activation such as //-/f and Tnf-o
(Figure 1(f)).

Cerebroprotection is mediated by
microbiome-induced T cell priming

Previous studies using models of altered microbiota
composition have proposed modification in lymphocyte
priming and particularly in T cell polarization as key
mediators of the microbiome effect on stroke out-
come.??> Therefore, we first sought to determine the
impact of the gut microbiome on T cell priming in sec-
ondary lymphatic organs by flow cytometry. While the
overall leukocyte count was unaltered between GF and
Ex-GF animals, we detected increased T and B cells
counts in spleens of Ex-GF compared to GF animals
(Figure 2(a)). More specifically, we observed an
increase in overall Tpepper cell (CD4™) counts as well
as polarized regulatory T cells (Foxp3+) and Thl7
cells (RoRyt™ in the intestinal immune compartments
of the Peyer’s patches (Figure 2(b) and (c)) and even
more pronounced in the spleens of Ex-GF compared to
GF mice at five days after stroke (Figure 2(d)).
Interestingly, we observed a similar pattern in the ische-
mic brain with increased mRNA levels for specific
Theiper cell subpopulations including Foxp3 and 1I-10
(Tyeg) and [/-17 (Thl7) in Ex-GF animals compared
to GF littermates (Figure 2(e)). Additionally, we
observed by flow cytometry also an increase in total
T cell counts in the ischemic hemispheres of Ex-GF
compared to GF animals (Figure 2(f)). These results
implicate that a physiological gut microbiome is
required for generating an adequate lymphocyte-
driven immune reaction in response to brain injury
and execute tissue protection. Because of this pro-
nounced effect of bacterial colonization on post-
stroke T cell responses, we examined the role of
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Figure 1. Bacterial colonization is cerebroprotective after stroke. (a) Schematic illustration of experimental paradigm.

(b) Quantification of infarct volume in germfree (GF), colonized (Ex-GF) and SPF mice (n= 12 per group). Data are shown as
mean = SD normalized to the mean of the SPF group as 100%. (c) Representative images of Iba-| stained microglia/macrophages with
schematic illustration of imaging locations in the peri-infarct area 900 pm distant from the border of the infarct core in the deep
cortical layer 4/5 and homotypical contralateral area. (d) Analysis of microglia cell counts (n=>5 per group) in the ipsilateral cortex.
(e) Analysis of microglial morphology showing increased sphericity (left) and reduced ramification (right) in ipsilateral hemispheres as
markers of microglial activation. (f) Gene expression analysis by RT-PCR for the indicated genes of mainly microglial/macrophage origin
in ipsilateral and contralateral hemispheres after stroke (n=10—12 per group, mean & SD). *p < 0.05, *b < 0.01, **p < 0.001).

— =

difference in lesion volumes between GF Ragl™

lymphocytes in mediating the cerebroprotective effects
of the microbiome in lymphocyte-deficient Ragl™/~
mice. Lesions were smaller in Ragl ™/~ mice compared
to wild-type C57BL/6J mice. However, we found no

mice and conventional Rag/ ™/~ mice, supporting the
finding that lymphocytes play an important role
in the microbiome-mediated effects on stroke
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Figure 2. T cell priming by the gut microbiome is cerebroprotective. (a) Flow cytometric analysis of absolute cell counts per spleen
in GF and Ex-GF animals for total leukocytes (CD45+), B cells (CD19+) and T cells (CD3+). While total leukocytes counts were
unaffected, bacterial colonization significantly increase T and B cells ounts in Ex-GF mice. (b) Representative gating strategy for the
flow cytometric analysis of Theiper cell counts and subsets of Foxp3™ (T..p) and RoRyt™ (Th17) cells in (c) the Peyer’s patches and in
(d) the spleen. (e) (c) RT-PCR for expression Theiper cell markers Foxp3, Il-10 and [I-17 in ipsilateral and contralateral brain hemispheres
five days after stroke (n=10-12 per group). (f) Flow cytometric analysis of ipsilateral brain hemispheres five days after stroke in GF
and Ex-GF revealing significantly increased T cell counts in the ischemic hemispheres of recolonized Ex-GF animals. (g) Brain infarct
volumes in SPF WT, SPF Ragl '~ and GF Ragl ~'~ mice (n = 7-9 per group, mean & SD normalized to SPF group as 100%). *p < 0.05,

#p < 0.01, **4p < 0,001,

(Figure 2(g)). Additionally, we did not detect a signifi-
cant impact of gut bacterial colonization on blood—
brain barrier integrity or cortical capillary density
(Supplementary Figure 2).

Discussion

This study provides a proof-of-concept that the gut
microbiome per se is cerebroprotective in experimental
stroke. These are novel and relevant insights for the
gut-brain axis field in stroke as well as other models
of acute brain injury because previous studies have so
far exclusively investigated the impact of alterations in

bacterial composition on disease outcome but did not
test the relevance of the microbiome as a bona fide
modulator of secondary neuroinflammation.

These experiments were so far lacking due to the
technical difficulties of GF mouse handling and surgical
stroke induction. We have overcome these technical
limitations by on one side ensuring germfree status
of animals despite surgical manipulation and on the
other side establishing natural recolonization as
comparable to conventional SPF mice on stroke out-
come, which allows the study of littermates (GF and
Ex-GF) for improved comparability. Ex-GF mice were
chosen as a superior control group for colonized
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animals compared to SPF mice which have substantial
disadvantages including potential differences due to
genetic drift, epigenetic modifications and housing
conditions.

We have previously reported that large stroke lesions
induce changes in the gut microbiome, leading to a pro-
inflammatory over-activation of peripheral immune
responses and worse stroke outcome.” In contrast, we
show here that also the complete lack of a gut flora
leads to enlarged brain lesions compared to colonized
littermates or conventionally housed SPF mice. This
notion contradicts the widely accepted concept that
the secondary inflammatory response to tissue injury
is per se “‘detrimental” and—in the case of acute
brain injury— “neurotoxic.” ' However, recent reports
revised this paradigm of secondary neuroinflammation
as ““too much of a bad thing” by considering secondary
neuroinflammation to be a physiologically relevant
protective mechanism in which both excessive
immune activation and immunosuppression can be
harmful.®

By investigating germfree, lymphocyte-deficient
Ragl™'~ mice, we provide evidence supporting a key
role for lymphocytes along the gut-brain axis. Our
results demonstrate that lymphocytes are required to
generate a neuroinflammatory milieu that is associated
with a reduction of secondary lesion expansion. We
observed that a lack of bacterial colonization was asso-
ciated significantly with an increased expression of pro-
inflammatory cytokines in the ischemic hemisphere. On
the other side, germfree animals displayed reduced
overall microglia/macrophage cell counts and a reduc-
tion in pro-inflammatory cytokine expression. These
findings could indicate a dysfunctional, non-physiolo-
gical microglial response to the ischemic injury which is
associated with secondary neurological deterioration.
Moreover, lymphocyte-dependent neuroprotection
under the control of the gut microbiome is likely to
be mediated also via non-immunological mechanisms
that contribute to lesion growth and recovery such as
growth factor secretion by lymphocytes, modulation of
neurogenesis or impaired vascular function”® although
our results exclude direct major effects on vascular
function. Additionally, while the role of B cells is less
investigated in stroke-immunology as well as the gut-
brain research field compared to T cells, the expansion
of splenic B cell counts and the lack of mature B cells in
Ragl~'~ mice warrant additional experiments investi-
gating the contribution of B cells to the observed
phenomenon.

Taken together, future experiments which were
beyond the scope of this proof-of-concept study are
urgently needed for the in-depth analysis of the poten-
tial pathways of lymphocyte—brain interaction that lead

to neuroprotection under control of the microbiome.
Our findings open up several new questions such as
the mode of microbiome interaction with intestinal
lymphocytes, the involved bacterial mediators and/or
antigens. Finally, the druggability of microbiome-lym-
phocyte interaction to prime a beneficial, pro-regenera-
tive immune response is of great future interest. More
detailed understanding of the gut-immune-brain axis in
stroke could open up a new field of microbiome-tar-
geted therapies for stroke patients.
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